Exposure to metalworking fluids has been linked to modest cross-shift reductions in FEV
INTRODUCTION
Metal machining requires lubrication and dispersion of generated heat. Several distinct classes of metalworking fluids, (''metalworking fluids,' 'cutting fluids,' 'coolants'), have evolved to accomplish these goals. Straight oils contain mineral oil, but no water. Emulsified (soluble) oils are composed of a few percent mineral oil suspended in water. Because of the presence of mineral oil they retain some of the lubrication advantages of straight oils but also have excellent cooling capacity due to water. Emulsified oils usually contain a variety of additional materials, including emulsifiers, biocides, extreme-pressure agents, antifoaming agents, corrosion inhibitors, caustics to maintain high pH, colorants, and odorants. Synthetic oils do not depend on mineral oil to achieve lubrication; rather they contain synthetic chemicals such as polyglycols and/or ethanol-amines, plus many of the additives listed above for emulsified oils. In addition to the materials that are purposefully introduced into metalworking fluids, numerous contaminants are known to appear with use, such as bacteria, fungi, and the metabolic products of viable organisms, trace metal contaminants from the metalworking process, and 'tramp oil' (lubrication oil that has leaked from machines performing metal working-processes).
The National Occupation Exposure Survey conducted by NIOSH in 1981 NIOSH in -1983 estimated that 1.2 million workers in the United States were occupationally exposed to metalworking fluids [NIOSH, 1977] . Several previous studies have reported that metalworking fluids, or their individual components, can cause impairment of airway function [Hendy et al., 1985; Kennedy et al., 1989; Robertson et al., 1988] . However, the mechanisms, magnitude, and the specific agent(s) responsible for airway dysfunction among workers exposed to different metalworking fluids are incompletely characterized.
Our study was specifically designed to address the acute effect of exposure to metalworking fluids on respiratory health. Cross-shift and cross-week changes in pulmonary function and respiratory symptoms were the primary outcome measures. Although these acute effects are not necessarily disabling, they may cause significant discomfort that results in temporary disability (for example, wheezing or shortness of breath). In addition, acute pulmonary function decline may be indicative of occupational asthma or lead to progressively more serious impairment and disability [Peters, 1974; Weill, 1984; Becklake et al.; Hankinson and Hodous, 1983; Christiani et al.; 1994; Glindmeyer, 1994; Becklake, 1995] .
METHODS

Subject Selection
This study was conducted at an automotive transmission plant in the Midwest. The plant has two major machining departments, the Case and the Valve Body Departments. Both use soluble oils supplied from one of three large sumps. Use of biocides in metalworking fluids was infrequent and restricted entirely to one of the two systems serving the grinding operations in Valve Body. Use of this fluid was discontinued after the first round of the study. Final Assembly, chosen as the department from which to draw comparison subjects, was physically isolated from, and under positive air pressure with respect to, machining areas and contained no identifiable respiratory hazards.
The study was introduced to the eligible plant population through a series of mass meetings. Subsequently, all persons working in Case and in Valve Body believed to have experienced metalworking fluid exposure were individually recruited by University of Michigan study personnel, as was a stratified random sample of workers in Final Assembly with age and race distributions similar to those of the subjects working in machining areas.
This study involved a preliminary exposure evaluation (April 1992) and three rounds of full data collection: June 1992, January 1993, and June 1993. Three rounds of study were chosen to increase the power of the study, given the limited number of exposed and unexposed subjects, and to examine seasonal (summer vs. winter) effects. During each round of the study, participants completed questionnaires and underwent pulmonary function testing (spirometry) on the first work day of the week (Monday) before and after shift and on the fourth work day of the same week (Thursday) before and after shift, and they wore air-sampling devices on these days. Monday was chosen because any exposure-related effects might be expected to be more pronounced after two days away from work; Thursday so that changes occurring over a work week could be examined (Friday was excluded because of high absenteeism on this day of the week).
Exposure Measures
Exposure assessment procedures are described in detail elsewhere [Abrams et al., submitted] . Air samples were collected with constant-flow sampling pumps calibrated to 2 liters/minute. All thoracic samples (particulate, bacteria, and personal endotoxin) were obtained with a PEM sampling device (Personal Environmental Monitor, manufactured by MSP Corp., Minneapolis, MN) equipped with a Nuclepore polycarbonate membrane filter (Costar Corporation, Cambridge, MA; 37-mm diameter, 0.8-µm pore size). The PEM is a two-stage sampler consisting of a single impaction stage (preselector) and a backup filter. The preselector has an upper median cut diameter of 10 µm, resulting in collection of approximately the ''thoracic'' fraction particulate on the filter [Marple, 1989] . All air samples represented at least 5 1/2 hours of sampling.
In each of the three rounds, all study participants who worked in metalworking fluid areas wore a thoracic fraction sampler. During Round 2, all study participants working in assembly also wore a thoracic fraction sampler. In Rounds 1 and 3, a random sample of assemblers (18 of 34 in Round 1; 15 of 22 in Rounds 3) wore a thoracic fraction sampler. All filters were analyzed for thoracic particulate; a randomly selected subset of filters also were analyzed for thoracic bacteria (viable plus nonviable). Filters and PEMs used for bacterial analyses were handled so as to minimize contamination. After sampling, filters were removed from PEMs, placed in clean empty cassettes, and treated with propylene oxide vapor to halt possible bacterial growth. Bacteria were quantified by washing the collected particulate off the sample filter with 0.02% Tween 20 in distilled water. Tween suspensions were preserved with 1% formaldehyde and stored at 5°C (in Round 3, preserved samples were mailed overnight to Boston because the responsible investigator had relocated her laboratory). At a later date, a portion of the resulting suspension was refiltered through a black-stained polycarbonate filter (26-mm diameter, 0.2-µm pore size; Costar Corp., Cambridge, MA). This filter was then stained with 0.1% acridine orange (AO) in distilled water and mounted in immersion oil on a microscope slide. Bacteria were counted manually under a florescence microscope [Hobbie et al., 1977] .
A mathematical model for predicting levels of bacteria in air from other measures of exposure was developed and validated with data derived from the current study. Methods and results of bacteria exposure modeling will be discussed in a separate article. The exposure response models presented here that used bacteria as the exposure parameter are based on a combination of measured and modeled values for personal exposure to bacteria.
Personal exposures to thoracic particulate and thoracic bacteria were selected as the key exposure indices. Because measures of personal exposures to endotoxin were available only in Round 3, these were not used in most analyses [Milton, Gere, et al., 1990] . In addition, vapor phase nicotine (VPN) was measured in order to adjust total thoracic particulate for the contribution of particulate derived from tobacco smoke [Hammond et al., 1987; Leaderer and Hammond, 1991] . The findings using tobacco-adjusted thoracic particulate were essentially identical to those using total thoracic particulate and are not presented here.
Questionnaires
A brief questionnaire was administered to each participant prior to completion of each spirometry test. These questionnaires were designed primarily to capture information pertaining to acute symptoms, recent respiratory infections, current medications used for respiratory illness, cigarette smoking within the past hour, and daily work practices. In addition, a more in-depth background questionnaire was administered to each subject during Round 1 of the study. The background questionnaire included a modified version of the American Thoracic Society Adult Respiratory Questionnaire [American Thoracic Society, 1978] with additional questions regarding asthma and atopic history as well as standard questions on medical history, respiratory symptoms, and lifetime smoking history. There were also questions pertaining to current and past employment, and possible exposures to respiratory irritants in previous jobs.
Cough was defined as a yes response on the in-depth questionnaire to any of the following three questions: (1) 'Do you usually have a cough?'; (2) 'Do you usually cough at all on getting up, or first thing in the morning?'; and (3) 'Do you usually cough at all during the rest of the day or night?'' Chronic cough was defined as having a cough, responding yes to the question 'Do you usually cough like this on most days for 3 consecutive months or more during the year?' and having had this cough for at least two years. Phlegm and chronic phlegm were defined analogously to cough and chronic cough. Chronic bronchitis was defined as having both chronic cough and chronic phlegm. Wheezing was defined as a yes response to either of the two following questions: (1) 'Does your chest occasionally sound wheezy or whistling apart from colds?' and (2) 'Does your chest sound wheezy or whistling most days or nights?' Wheezing with dyspnea was defined by a yes response to the question 'Have you ever had an attack of wheezing that has made you feel short of breath?' Grade 1 dyspnea was defined by a yes response to the question ''Are you troubled by shortness of breath when hurrying on the level or walking up a slight hill?'' Grade 2 dyspnea was defined by a yes response to the previous question and to the question 'Do you have to walk slower than people of your age on the level because of breathlessness?'' Asthma was defined as a yes response to the question 'Have you ever had asthma?' Asthma prior to employment at the facility under study was defined as a yes response to the previous question and to the question 'Did you have asthma before you worked at this facility?''
Pulmonary Function Testing
Spirometry testing was performed following all current ATS recommendations [American Thoracic Society, 1987] with computerized water-sealed volume-displacement instruments (Warren E. Collins Eagle II with Survey; Warren E. Collins, Inc., Braintree, MA) calibrated three times daily with a 3-liter syringe. Adjustments for temperature and barometric pressure were made according to the manufacturer's recommendation. Trained technicians attempted to obtain a minimum of three acceptable maneuvers of at least a 6-second duration for which the two best forced vital capacity (FVC) and forced expiratory volume (FEV l ) figures were within 5% of each other. Prediction formulas for FEV l and FVC were derived from general population data from six U.S. cities, including the recommended correction factor for blacks [Dockery et al., 1985] .
Statistical Methods
Percentage change in FVC and FEV l were calculated for Monday cross-shift, Thursday cross-shift, and crossweek as follows: percentage change 5 100 3 (final readinginitial reading)/initial reading, so that a negative value represents a fall in the FEV l or FVC over the workshift or week. For the cross-week change, Thursday postshift was used as the final reading and Monday preshift the initial reading.
Approximate 25 and 75 percentiles of the thoracic particulate concentration from Round 1 were used to group all workers (machinists and assemblers) into low (,0.157 mg/m 3 ), medium (0.157-0.468 mg/m 3 ), and high (.0.468 mg/m 3 ) exposure categories. The same absolute numeric cutoffs were used in Rounds 2 and 3. For comparability to the method of analyses of Kennedy et al. [1989] , the percentages of workers with at least a 5% decrease in FVC or FEV 1 in each exposure category were calculated.
Associations between thoracic particulate concentration or bacteria concentration and change in FVC and FEV 1 across the workshift were investigated with multivariable linear and logistic models. Linear and logistic models that combined Monday and Thursday data from all rounds were fit by the generalized estimating equation (GEE) method to account for lack of independence of observations on the same individual Zeger and Liang, 1986] . Monday and Thursday data were combined to increase power and because in no case was an indicator variable for day of week significant at a p 5.10 level. In initial logistic analyses, models using a 5% or greater decrement in FEV 1 or FVC as the outcome variable were compared with those using a 10% or greater decrement. The 10% or greater decrement models were selected for further analyses and are presented here because: (a) the 10% decrements are considered to be of greater clinical relevance than 5% decrements, and (b) the 10% models generally had smaller model mean square errors. Because subjects reporting current asthma (N 5 8) tended to have much greater variability in scatter plots of cross-shift change in FEV 1 and FVC, models including and excluding these subjects were compared. Because exclusion of those with current asthma had little effect on parameter estimates or their significance, these models are not presented here. In general, failure to meet 5% criteria for reproducibility of FEV 1 and FVC was not a criterion for exclusion. However, two subjects with very poor reliability in their pulmonary function tests, as judged by extreme lack of reproducibility and the shapes of volume-time curves, were deleted. A decision was reached early in the analyses to include a measure of baseline obstruction (i.e., Monday preshift FEV 1 /FVC ratio) as well as a baseline obstruction/exposure measure interaction term in all final models, because these terms were frequently highly significant in preliminary models.
The natural logs of thoracic particulate and thoracic bacteria were used in models, rather than simple thoracic particulate, on the basis of findings from prior animal and human studies [Schaper and Detwiler, 1991; Castellan et al., 1987] that decrements in pulmonary function were linearly related to log transformed measures of particulate or endotoxin, a bacterial product. Initial candidate variables for entry into regression models included exposure (natural log of thoracic particulate or natural log of thoracic bacteria), shift (1st 5 6 am to 2 pm, 2nd 5 3 pm to 11 pm), baseline obstruction, exposure 3 baseline obstruction, department (machining area vs. assembly), smoking status (current vs. ex or never), and pack-years smoked. Age was not included because of its high correlation with pack-years smoked and obstruction. Initial models were difficult to interpret owing to multicollinearity between, on the one hand, baseline obstruction, smoking status, and pack-years, and, on the other hand, exposure and department. In addition, a generally consistent pattern of greater significance of baseline obstruction terms as compared with smoking-related terms was observed. For these reasons smoking status, pack-years, and department were dropped from final models presented here.
RESULTS
Participation
In Round 1, a total of 220 eligible employees were asked if they would be willing to participate in the study, of whom 185 agreed to participate; 35 refused. The agreement rate was 82% among assemblers and 85% among machinists. Among these 185, there were 148 employees who were then scheduled to participate in the study: 120 who did participate, 14 who refused on the day of the study, 1 who was absent from the plant owing to sickness, and 13 who were absent from the plant for vacation or unknown reasons. There were no significant differences in age, seniority, race, or shift between participating and nonparticipating assemblers. Among machinists, participants were more likely than nonparticipants to be black (49% vs. 17%) and to be on second shift (55% vs. 31%), but there were no significant differences in age or seniority.
In Round 2, a total of 119 eligible employee were asked to participate in the study, of which 109 agreed and l0 refused. These 119 included all Round 1 participants still working in appropriate jobs plus some new recruits from Assembly. All 109 employees who agreed to participate were scheduled. Of those scheduled, 90 participated, 14 refused on the day of the study, 2 were absent from the plant owing to sickness, and 3 were absent from the plant for vacation or unknown reasons. In this round, there were no significant differences in age, seniority, race, or shift between participating and nonparticipating assemblers or between participating and nonparticipating machinists.
In Round 3, a total of 91 eligible employees were asked to participate, of which 83 agreed and 8 refused. These 91 included all Round 1 and Round 2 participants still working in appropriate jobs. All 83 of those who agreed were scheduled. Of those scheduled, 57 participated, 13 refused on the day of the study, 3 were absent from the plant owing to sickness, and 10 were absent from the plant for vacation or unknown reasons. No significant differences were found between participating and nonparticipating machinists with respect to mean age, mean seniority, race, or shift. For assemblers, participants were significantly younger (42 vs. 45 years) and were more likely to be on first shift (6 am-2 pm) (77% vs. 37%) than nonparticipants.
Demographic characteristics for Round 1 participants (Table I) show that there were significant differences in age, seniority, and shift between assemblers and machinists: Machinists tended to be older, had more seniority, and were more likely to be on the second shift. There were no significant differences with respect to height, race, smoking status, or history of asthma. In Rounds 2 and 3, machinists were again significantly older and had more seniority but differences in shift worked were no longer significant. Though never reaching statistical significance, in each round machinists were more likely to be black and less likely never to have been smokers.
Compared with the 76 subjects who participated in both Round 1 and Round 2, the 44 subjects who participated in Round 1 but not Round 2 were significantly younger, had less seniority, and were more likely to be black and to be on second shift (not shown). These differences were due mainly to significant differences between machinists who participated in both rounds compared with those who were lost to follow-up. There were no significant differences between people who participated both in Round 2 and Round 3 and those lost to follow-up in Round 3 with respect to age, seniority, height, race, shift, smoking status, or history of asthma, even when assemblers and machinists were considered separately (not shown).
Exposure Results
The mean concentration of thoracic particulate over the three rounds of the study were 0. 
Baseline Lung Function
In Round 1, baseline (i.e., Monday before shift) percentage predicted for FVC and FEV 1 in the study population were, on average, higher than predicted for the general nonsmoking population (112% predicted and 109% predicted, respectively). There were no significant differences in baseline PFTs by department or shift. Current smokers had a significantly lower mean FEV l percentage predicted (104) than ex-smokers or never smokers (112 and 115, respectively). Similar relationships were seen in the percentage predicted values for Round 2 and Round 3. Comparing across rounds, paired t tests demonstrated that mean percentage predicted values for Round 1 and Round 3 were significantly higher than those in Round 2. Mean paired differences for FVC and FEV l percentage predicted were, respectively, 2.1% and 4.9% for Round 1 versus Round 2, and 4.2% and 2.6% for Round 3 versus Round 2.
Cross-Shift and Cross-Week Changes in Lung Function
In each of the three rounds, machinists generally appeared more likely than assemblers to experience cross- As described in Methods, subjects were grouped into three exposures categories defined by approximately the 25th and 75th percentiles of thoracic particulate measures, and the percentages of workers having at least a 5% cross-shift decrement in FVC or FEV l in each exposure group were calculated. For Round 1 on Monday, there was strong evidence (p , .0005) for a linear trend in response for FVC but not for FEV 1 , although the response percentage for FEV 1 did increase as exposure increased (Fig. 2) . In Round 2, a qualitatively similar relationship was seen for Monday FVC, although the trend was not significant. Although there was no evidence for a linear trend in FEV l, there was a marginally significant difference in percentage response between the high-exposure group and the low-and mediumexposure groups combined (p 5 .062). For Round 3 on Monday, percentages of subjects with 5% decrements in FVC or FEV 1 increase as exposure increases, but the trends are not statistically significant. For Round 1 on Thursday (not shown), there was marginal evidence for a linear trend in response for both FVC (p 5 .053) and FEV l (p 5 .061). For Round 2 on Thursday there was marginal evidence for a linear trend for FVC, but no evidence for an association between exposure group and FEV l response. For Round 3 on Thursday, no one in the high-exposure group had a 5% decrement in either FVC or FEV l . In summary, a consistent dose-related pattern of greater percentages of subjects with 5% decrements in FEV l and FVC were seen across all rounds on Monday. The pattern for Thursday did not show such consistency. Table II shows the frequency of 10% or greater crossshift decrements in FEV 1 or FVC stratified by current smoking status and presence of (baseline) obstruction defined as Monday preshift FEV 1 /FVC ratio of 0.72 or less. Current smokers are substantially more likely to be obstructed than other subjects: 59 of 161 observations (36.6%) versus 25 of 266 observations (9.4%). The presence of either current smoking or baseline obstruction appears to increase the likelihood of a 10% or greater decrement in pulmonary function, although the data on obstructed nonsmokers should be interpreted with caution because of small numbers. The presence of both confers a substantial additional risk, reaching 25% of observations having a 10% or greater cross-shift decrement of FEV 1 .
Logistic Regression Models
The results of logistic models of cross-shift decrement in FEV l and FVC, which use generalized estimating equations (GEE) to combine Monday and Thursday data across all three rounds of data collection, are presented in Table III . Based on the mean squared error, model fit for the FVC models is substantially better than for the FEV l models. For both the FVC and FEV 1 models, the fit of the thoracic bacteria model is marginally better than that of the thoracic particulate model. In all four models, those working on the second (afternoon) shift are substantially more likely than those on the first (day) shift to experience a 10% or greater cross-shift decrement. The coefficients and p values for the main effects of Monday preshift obstruction and exposure measures must be interpreted with caution both because of the presence of the interaction terms and because the exposure measures are not on comparable scales, that is, mean thoracic particulate is about 0.3 mg/m 3 , whereas mean thoracic bacteria is about 9 3 10 5 bacteria/m 3 .
Table IV presents comparative odds ratios based on the models in Table III to aid with interpretation of the models. In Table IV the model predictions for a nonobstructed subject with a relatively low exposure level is used as the base for comparing the risk of cross-shift decrements in pulmonary function in nonobstructed and obstructed subjects at higher exposure levels. The chosen levels for thoracic particulate (0.14, 0.34, and 0.57 mg/m 3 ) are close to the mean exposures in Assembly, Valve Body, and Case, respectively; those for bacteria (0.2, 1.0, and 3.0 bacteria/cc) are also well within the range of measured values in the study. With respect to thoracic particulate, for both FEV 1 and FVC there is a trend of increasing risk of 10% or greater cross-shift decrements with increasing exposure among obstructed subjects but not among nonobstructed subjects. As compared with the risk for low-exposure nonobstructed subjects, the risk at higher exposures among obstructed subjects is substantial and is highly significant. With respect to thoracic bacteria there is a statistically significant and substantial increased risk of cross-shift decrements in pulmonary function among obstructed subjects at all exposure levels compared with that of nonobstructed subjects with low-level exposure. While the trend of increasing risk with increasing exposure among those with obstruction is not as strong for thoracic bacteria as for thoracic particulate, the specific values of the odds ratios are quite comparable between the two exposure measures. In the thoracic bacteria models, there is a trend of decreasing risk with increasing exposure among nonobstructed subjects.
Linear Models
The results of linear models of fractional cross-shift change in FEV 1 and FVC that use generalized estimating equations (GEE) to combine Monday and Thursday across all three rounds are presented in Table V . As with the logistic models, model fit for FVC models was better than for FEV 1 models; however, there was no difference in model fit between the respective thoracic particulate and thoracic bacteria models. Working on second shift was significantly associated with an additional decrement of 3-4% in FEV 1 models and 2-3% in FVC models. As with the logistic models, the coefficients and p values for the main effects of Monday preshift FEV 1 /FVC and the exposure measures must be interpreted with caution owing to the presence of the interaction terms and the differences in exposure scales. Table VI presents predicted fractional changes in FEV 1 and FVC for selected values of Monday preshift FEV 1 /FVC ratio and exposure levels based on the models in Table V . Across all four models, subjects with obstructive Monday preshift PFTs, that is, FEV 1 /FVC ratios of 0.7 or 0.6, are predicted to have increasing decrements in pulmonary function with increasing exposure levels. In contrast subjects with nonobstructive baselines (FEV 1 /FVC 5 0.8) show little variation in predicted decrement with changing exposure in any of the four models. Across all four models, among subjects exposed to moderate to relatively high levels of thoracic particulate or thoracic bacteria, decreasing baseline FEV 1 / FVC ratios are associated with increasingly large decrements in cross-shift FEV 1 and FVC. In contrast, among subjects with relatively low exposures (i.e., 0.14 mg/m 3 of thoracic particulate or 0.2 thoracic bacteria/cc) the association of baseline FEV 1 /FVC with cross-shift decrements is absent or weak.
Table VII presents tabular results for Monday changes in FEV l for those reporting current asthma plus those with a 12% or greater cross-shift change in Monday FEV l in at least one round. The figure 12% was chosen on the basis of ATS recommendations for the diagnosis of occupational asthma [American Thoracic Society, 1993] . Nine of 83 subjects working in Machining areas demonstrated cross-shift decrements in FEV 1 of 12% or greater in at least one round, as compared with 2 of 46 subjects working in Assembly demonstrating such decrements. Two of the 5 subjects working in Machining areas who reported current asthma experienced 12% or greater cross-shift decrements in FEV 1 , as compared with none of the three subjects working in Assembly reporting current asthma. Among the 9 subjects in Machining areas and 2 subjects in Assembly who demonstrated 12% or greater decrements in Monday FEV 1 , only one from each working environment reported asthma prior to working at this facility (a total of 2 of 11). The results for Thursday cross-shift changes in FEV l (and FVC) among current asthmatics and those with 12% or greater changes were quite similar to those for Monday (not shown). Of particular note, 6 of 83 (7.2%) subjects working in Machining areas, but none of the 46 subjects working in Assembly, demonstrated cross-day decrements in at least one round (Monday or Thursday, FEV 1 or FVC) of greater than 19%, chosen as a magnitude that, it is believed, almost all medical practitioners would agree is of unequivocal clinical significance (Fisher's exact test, one-tailed: p 5.07). Of those 6 subjects, 5 demonstrated such changes for Monday FEV l (Subjects 1, 2, 9, 13, and 14 in Table VII ). The sixth subject, Subject 10, experienced a 21.5% decrement in Round 1 Thursday FEV l (data not shown). All but one of these six subjects had evidence of baseline obstruction (Monday preshift FEV 1 /FVC ration #0.72) and were current smokers.
Respiratory Symptoms
Baseline respiratory symptoms and asthma history data from Round 1 are displayed in Table VIII . For every symptom, workers in Machining areas were more likely to report the symptom than those in Assembly, although only for phlegm (OR 5 3.1) and chronic bronchitis (OR 5 6.8) were these differences significant at an a 5 .05 level. There were no significant differences in reported history of asthma.
Development of Symptoms During the Shift
The percentages of subjects within each department without each of a set of specific symptoms at the beginning of shift on Monday who developed that symptom during the shift on Monday in Round 1 are presented in Table IX . Those working in Machining departments were significantly more likely than those working in Assembly to develop at least one new lower respiratory symptom. The same pattern was observed for each specific lower respiratory symptom, although these differences did not reach statistical significance. A similar, though less significant pattern, was observed for new mucous membrane irritant symptoms, whereas no pattern was apparent for constitutional symptoms. On Thursday, machinists were only marginally more likely to develop new lower respiratory symptoms (not shown), and there were no significant differences in new mucous membrane irritant symptoms. Data from Rounds 2 and 3 for Monday and Thursday were quite similar (not shown). In these rounds, greater interdepartmental differences in the likelihood of new symptom development were found on Monday than on Thursday. In each case where differences for lower respiratory or mucous membrane irritant symptoms reached significance, the symptom was more common among workers in machining areas.
To investigate PFT-symptom relationships, the percentage changes (postshift -preshift) in Monday FEV l from all three rounds were combined and then stratified into three levels: ,-10%; -10% to -5%; .-5%. The percentages of workers developing at least one lower respiratory symptom during the corresponding Monday shift were, respectively, 46.6%, 25.0%, 15.3% for the three categories of percentage change in FEV l (p , .001, test for trend).
DISCUSSION
The only previous published epidemiologic study of acute respiratory effects among workers exposed to metal- working fluid aerosols was conducted by Kennedy et al. [1989] . Their study was similar in its design and number of subjects to our study; however, the subjects were studied for only one week. The Kennedy study measured cross-shift changes in lung function among 89 machine operators and 42 assemblers at two automotive plants. The participants had worked for a minimum of five years. The exposure measure of interest was thoracic (referred to as ''inhalable'' in the Kennedy article) particulate (particulate #9.8 µm). Workers wore air-sampling pumps on Monday and Friday of a single work week, and pre-and postshift spirometry were performed on both days. Median exposures to soluble oils in the Kennedy study, about 0.55 mg/m 3 of thoracic particulate, are similar to exposures measured in the current study. In the Kennedy study machinists exposed to metalworking fluid were two-and-a-half times more likely to have a 5% or greater decrease in FEV l (an 'FEV l response') on Monday than nonexposed assembly workers (as compared to 1.6 times, 42.9% vs. 26.8%, in the current study). After adjusting for race, childhood asthma, and smoking prior to spirometry, odds ratios (from logistic regression) for an FEV 1 response were 4.4 for straight mineral oils, 5.8 for oil emulsions (i.e., soluble oils, as used in the current study), and 6.9 for synthetic fluids. FEV l responses were similar on Fridays, but were not significant. There was also a significant linear dose-response trend between FEV 1 response and exposure level on Friday but not on Monday. FEV l did not progressively decline over a workweek. The current study also demonstrated positive associations of working in machining areas (Fig. 1 ) and higher exposures to thoracic particulate ( Fig. 2) with decrements in PFTs (especially Monday FEV l ) and also found no progressive decline over a workweek; that is, Monday and Thursday values were not significantly different. The authors of the Kennedy study concluded that acute airflow obstruction was associated with thoracic particulate exposures at least as low as 0.2 mg/m 3 .
Our study differed from Kennedy et al. in two important respects. First, the exposure assessment strategy for our study was more comprehensive. Briefly, we expected that thoracic particulate, which represents the fraction reaching the tracheobronchial tree and gas exchange regions of the lung, would be most significant. On the basis of prior studies in other settings, we hypothesized thoracic bacteria or associated products such as endotoxin as likely causative agents for acute respiratory effects. In a pilot phase of the study, fungi, metals, and gaseous microbial products (NH 3 , H 2 S) were eliminated from consideration owing to low colony counts or concentrations. The presence of metalworking fluids in our study plant, together with the plant strategy of minimizing biocide use, resulted in substantial ambient bacterial counts.
Second, the findings in our study are not entirely comparable to the Kennedy study in that Kennedy et al. did not consider baseline obstruction as a covariate. In multivariable analyses, we found a strong interaction of preshift Monday FEV 1 /FVC ratio with exposure measures in predicting cross-shift decrements. Among obstructed subjects, but not among nonobstructed subjects, we found a consistent association between increasing thoracic particulate exposure and greater cross-shift decrements in both FEV 1 and FVC in both logistic (Table IV) and linear (Table VI) models. Findings with thoracic bacteria used as the exposure measure were quite similar (Tables IV and VI) . These results are consistent with assignment of responsibility for the observed effect to thoracic bacterial concentrations themselves or some other parameter correlated with bacterial concentra- tions (e.g., the correlation coefficient with endotoxin measures was 0.9). In this context it is notable that endotoxin exposure has been associated with acute decrements in pulmonary function [Castellan et al., 1987] . However, these findings are equally consistent with the conclusion that other constituents of the metalworking fluid aerosols, which may also be correlated with bacterial concentrations, are responsible. The correlation between thoracic particulate and thoracic bacteria levels varied from r 5 0.55 to 0.70 across rounds. If bacteria are playing a role, the available data do not allow one to say whether the observed effects are associated primarily with any particular bacterial family or species (beyond the overwhelming predominance of Gramnegative rods), in that less than half of the bacterial colonies grown could be identified with available biotest kits [Burge et al., 1995] . Similarly, one cannot determine from these data whether the association is with total bacteria (viable plus nonviable), measured by the acridine orange direct count method used, or with culturable bacteria only, which is the method most commonly used to assess bacterial levels in metalworking fluids.
The central finding of consistent associations between lower baseline FEV 1 /FVC ratio and larger cross-shift decrements in FEV l and FVC is particularly intriguing because the direction of causality (if any) cannot be determined from this study with data collection restricted to a relatively short, 1-year period. The same week temporal direction is clear; that is, baseline ratio is measured prior to occurrence of any cross-day or cross-week decrements. However, it is biologically plausible and consistent with the available data that the primary reason for the observed association is that pulmonary effects associated with the experience of repeated cross-day or cross-week decrements over a period of years causally leads to more permanent, irreversible adverse pulmonary changes that are reflected in the observed lower baseline ratios, as has been suggested or reported in a number of studies of other agents [Peters, 1974; Weill, 1984; Becklake et al., 1988; Hankinson and Hodous, 1983; Christiani et al., 1994; Glindmeyer et al., 1994; Becklake, 1995] . An alternative explanation is that individuals with inherently lower pulmonary function, or who have been more susceptible to the effects of other pulmonary irritants such as cigarette smoke, are more sensitive to irritating or bronchoconstrictive effects of metalworking fluids aerosols. The potential contributory role of cigarette smoking to the adverse acute respiratory effects of metalworking fluid aerosols is intriguing. In preliminary analyses (not shown), being a current smoker, and greater number of pack-years smoked, were frequently associated with greater cross-shift decrements among subjects exposed to machining fluid aerosols. However, when these were compared with analyses using baseline obstruction in place of smoking parameters, the models using obstruction showed substantially more consistent and significant associations and better model fit, suggesting that the observed effects were associated with the physiologic presence of baseline obstruction independent of cause. Models incorporating both obstruction and smoking parameters were difficult to interpret owing to multicollinearity, although they did suggest that an independent effect of obstruction on the association between exposure levels and cross-shift decrements in pulmonary function was present even with control for cigarette smoking. To avoid problems of multicollinearity, age was not included in these models. However, it appears unlikely that this is an age-related effect, because additional models using age rather than pack-years or baseline obstruction showed generally less significant associations and a poorer model fit and the age range of the study population was quite narrow, and because there was no reason a priori to expect age to be associated with cross-shift changes in pulmonary functions.
The reasons for the lower mean FEV l and FVC percentage predicted in Round 2 as compared with Rounds 1 and 3 are uncertain. Differences appear unlikely to be explained by systematic measurement error, as the calibration and administration methods, spirometers, and personnel were the same for all three rounds, although it should be noted that substantial interround differences under similar conditions have been reported in other longitudinal studies [Burrows et al., 1986] . One possible explanation is seasonal differences in plant ventilation, as Round 2 was conducted in the winter months, whereas the other two rounds were conducted in late spring and early summer.
The consistent associations of working on second shift with greater cross-shift decrements in FEV l and FVC (3-4% for FEV 1 , 2-3% for FVC; see Table V) was to be expected on the basis of the diurnal variations in pulmonary function observed in many prior studies [Quackenboss et al., 1991; Troyanov et al., 1994; Hruby and Butler, 1975] (the median for hours awake prior to preshift pulmonary function testing was 1-2 hours for subjects on first shift and 5-6 hours for those on second shift).
Because of the concern that subjects reporting current asthma (n 5 8) might demonstrate a different effect of exposure to metalworking fluids, additional regression models with these subjects excluded were examined. In all cases coefficients and associated p values in these models were quite similar to the corresponding models including all subjects.
A closer examination of those subjects reporting current asthma and/or demonstrating the greatest cross-shift decrements in pulmonary function appears warranted because (a) they constitute those subjects who may be demonstrating pulmonary effects of clear clinical significance; and (b) they may indicate whether particular subpopulations of workers appear to be at particular risk for adverse effects. The findings that 6 of 83 subjects working in machining areas, but none of 46 subjects working in assembly, had greater than 19% cross-shift decrements in FEV l or FVC, strongly suggests that exposures in machining areas using soluble oils are associated with clinically significant adverse acute pulmonary effects in some individuals (Table VII) . The associations between exposures in machining areas and the development of lower respiratory and mucous membrane symptoms during the shift (Table IX) lends further support to the hypothesis that these exposures are related to clinically relevant adverse respiratory effects. Our data suggest that one cannot predict with certainty which individuals may show unequivocal clinically significant adverse pulmonary effects (i.e., cross-shift decrements in FEV l and FVC of greater than 19%). Among those in machining areas the degree of pulmonary obstruction present at baseline (preshift Monday) was associated with marked decrements during the workshift. However, a baseline FEV l /FVC ratio in the normal range did not guarantee a lack of clinically significant decrements (e.g., Subject 14 in Table VII had a baseline FEV l /FVC ratio of 81% but experienced a 20% decrement in Monday FEV l ). Similarly, neither a relatively low thoracic particulate exposure nor a relatively low bacterial exposure ensured the lack of adverse acute effects. The apparent lack of threshold for acute respiratory effects is further supported by a series of analyses in which threshold models of cross-shift decrements in FEV 1 and FVC were compared with linear no-threshold models. The no-threshold models consistently provided a better fit with the study data than models considering any of a range of candidate threshold values (not shown). Finally, at least in the 'survivor' population studied, the presence of reported asthma prior to working at this facility was not a predictor of cross-shift pulmonary decrements. Only 1 of the 9 subjects working in machining who experienced Monday FEV 1 decrements of 12% or greater reported such a prior history.
In considering the overall findings, certain limitations must be borne in mind. First, there is at least some potential for selection bias, as there are some differences between participants and eligible nonparticipants in Round 1 and between participants in Round 1 and those in subsequent rounds. However, it appears unlikely that systematic selection differences occurred. Most of the differences seen were in age, race, and shift. Age and race generally were not associated with outcomes of interest, and in all regression models, shift was adjusted for. Second, the study was conducted on a 'survivor' population. The mean seniority among machinists was 19 years. If, in fact, exposure to metalworking fluids aerosols is associated with symptomatic respiratory effects, a study of this cohort is likely to underestimate such effects. In summary, this study offers substantial evidence that metalworking fluid aerosol levels found in present-day U.S. machining operations are associated with clinically significant acute decrements in pulmonary function in some individuals. This conclusion is supported in that the pattern of cross-shift decrements observed is in reasonable agreement with the one prior comparable study [Kennedy et al., 1989] .
In view of the lack of evidence for a threshold level for acute pulmonary decrements of 19% or greater, and the uncertainty regarding whether repeated smaller cross-day decrements may lead to chronic, irreversible pulmonary effects, it appears prudent that exposure levels in machining areas should be reduced to the lowest levels feasible. Our data suggest it is impractical to consider an exposure limit below 0.2 mg/m 3 of thoracic particulate (equivalent to about 0.28 mg/m 3 of total particulate; [Kennedy et al., 1989] ), in that, among subjects working in Assembly, in which there were no discernible point sources for particulate exposure, the median thoracic particulate exposure was 0.14 mg/m 3 , the 75th percentile was 0.15 mg/m 3 , and the maximum was 0.31 mg/m 3 .
Our data are equally consistent with attributing to bacteria or bacteria-related exposures, or to exposures to other unidentified components of machining fluids, the responsibility for the observed exposure-related cross-shift decrements in pulmonary function. Because current methods for airborne bacteria measurement are too labor-intensive and expensive for routine use, monitoring of thoracic or total particulate is recommended. It may be reasonable to institute additional measures (such as microfiltration and UV lights) to suppress bacterial growth and remove organisms. It is uncertain whether the routine use of biocides to suppress bacterial growth is warranted. Biocides may have adverse respiratory or other health effects, may cause undesirable changes in the predominant flora, and may not decrease endotoxin levels.
Given the prevalence of substantial cross-shift decrements in FEV l and FVC in our study population, and the uncertainty of the long-term implications of these findings, it also appears prudent to institute a program of medical surveillance for workers potentially exposed to metalworking fluids aerosols. Under the supervision of an appropriately trained physician, a program that includes both baseline and periodic assessment of respiratory symptoms and pulmonary function (i.e., simple spirometry) is recommended. Finally, in view of the association of cross-shift decrements in FEV 1 and FVC with baseline obstruction and the correlation of current smoking with baseline obstruction, inclusion of a program to encourage smoking cessation my prove beneficial.
